Growth and sporulation defects in Bacillus subtilis mutants with a single rrn operon can be suppressed by amplification of the rrn operon
The genome of Bacillus subtilis strain 168 encodes ten rRNA (rrn) operons. We previously reported that strains with only a single rrn operon had a decreased growth and sporulation frequency. We report here the isolation and characterization of suppressor mutants from seven strains that each have a single rrn operon (rrnO, A, J, I, E, D or B). The suppressor mutants for strain RIK656 with a single rrnO operon had a higher frequency of larger colonies. These suppressor mutants had not only increased growth rates, but also increased sporulation frequencies and ribosome levels compared to the parental mutant strain RIK656. Quantitative PCR analyses showed that all these suppressor mutants had an increased number of copies of the rrnO operon. Suppressor mutants were also isolated from the six other strains with single rrn operons (rrnA, J, I, E, D or B). Next generation and capillary sequencing showed that all of the suppressor mutants had tandem repeats of the chromosomal locus containing the remaining rrn operon (amplicon). These amplicons varied in size from approximately 9 to 179 kb. The amplifications were likely to be initiated by illegitimate recombination between non-or micro-homologous sequences, followed by unequal crossing-over during DNA replication. These results are consistent with our previous report that rrn operon copy number has a major role in cellular processes such as cell growth and sporulation.
INTRODUCTION
Bacterial genes encoding the 16S, 23S and 5S rRNAs are typically organized in an operon, designated the rRNA (rrn) operon. Although most prokaryotic ribosomal protein genes are present as a single copy in the chromosome, the rrn operon copy number varies from one to as many as 15 in the genomes of different bacterial species. For example, Mycoplasma genitalium, a pathogenic bacterium with a very small genome (580 074 bp), contains only one rrn operon (Fraser et al., 1995) , whereas bacteria with larger genomes, such as Escherichia coli and Bacillus subtilis, contain seven and ten rrn operons, respectively (Ellwood & Nomura, 1980; Loughney et al., 1983) . Clostridium paradoxum has 15 rrn operons, which is the largest rrn operon copy number among bacteria reported to date (Rainey et al., 1996; Lee et al., 2009) . It has been suggested that, in general, organisms with multiple rrn operons are able to grow faster than those with only one or two operons. However, one of the rrn operons in E. coli can be deleted without having a major effect on cell growth rate or physiology (Ellwood & Nomura, 1980) . It has been suggested that the evolution of multiple rrn operons enables bacterial species to cope with a variety of environmental conditions (Condon et al., 1995; Klappenbach et al., 2000; Stevenson & Schmidt, 2004) .
B. subtilis is one of the best-characterized model bacteria for unicellular differentiation studies because it forms endospores (Schaeffer et al., 1965; Losick & Stragier, 1992; Errington, 1993; Hoch, 1993; Grossman, 1995; Kunst et al., 1997; Errington et al., 2003) . Therefore, we have used B. subtilis to study the physiological effects of rrn operons and their copy number. Analysis of the functional significance of multiple rrn operons is difficult because, in general, rrn operons are highly conserved and heterogeneity is limited (Nomura, 1999) . We recently deleted the ten rrn operons in B. subtilis, and constructed seven mutant strains that each had a single B. subtilis rrn operon (rrnO, A, J, I, E, D or B), for studies of the functional differences of individual rrn operons (Nanamiya et al., 2010) . The growth rates and sporulation frequencies of these mutants were reduced drastically compared with those of the WT strain. We also constructed eight strains with two to nine rrn operons and determined the effects of rrn operon copy number on the physiological properties of B. subtilis (Yano et al., 2013) . We found that a strain with a single rrn operon had the slowest growth rate, and that the growth rates of strains with two to ten rrn operons increased with the increasing number of rrn operon copies. However, normal sporulation only occurred in strains with four or more rrn operon copies (Yano et al., 2013) .
To study the defects caused in strains with a single rrn operon in B. subtilis, we report the isolation and characterization of suppressor mutants from seven B. subtilis strains, each with a single rrn operon (rrnO, A, J, I, E, D or B).
METHODS
Bacterial strains and general methods. The B. subtilis strains used in this study were isogenic with B. subtilis strain 168 and are listed in Table 1 . Strain RIK656 with a single rrnO operon and a kanamycin resistance gene between the rrnO operon transcriptional start site and 16S rRNA gene was used as the parental strain. To obtain strain RIK656, we first constructed strain RIK655 by replacing the cat gene in the chromosome of strain RIK543 with an spc gene to produce strain RIK655. Strain RIK655 was then transformed with chromosomal DNA from strain RIK1420, selecting for kanamycin resistance to isolate strain RIK656. Suppressor mutants srnA, B, D, I, O, E and J (suppressor of rrn operon) were isolated from strains RIK539, 540, 541, 542, 656, 545 and 551, respectively. The media used were LB medium and LB agar (Sambrook & Russell, 2001 ), CI and CII media (Ashikaga et al., 2000) and 2|Schaeffer's sporulation medium supplemented with 0.1 % glucose (2|SG; Leighton & Doi, 1971) . When required, antibiotics were added at the following concentrations: chloramphenicol, 5 mg ml
21
, and kanamycin, 5 or 7.5 mg ml 21 .
Determination of the frequency of suppressor mutant colonies.
An exponentially growing colony of strain RIK656 on an LB plate was suspended in 1 ml LB medium, diluted tenfold, and 5 ml was spread on an LB plate. After incubation at 37 uC for 2 days, no large colonies were observed. The cell suspension was diluted another tenfold and 25 ml was inoculated into 5 ml LB medium, followed by incubation for 2 days at 37 uC with shaking. The culture was then spread on an LB plate and incubated for 2 days at 37 uC. Small colonies of strain RIK656 and large suppressor mutant colonies were counted. The frequency of suppressor mutations was determined from five independent growth experiments.
Sporulation assay. B. subtilis cells were grown in 2|SG medium for 24 h at 37 uC with shaking. To assay for cells that had produced heat-resistant spores, the culture was heated at 80 uC for 10 min, plated on LB agar plates, incubated at 37 uC for 24 h (for WT and suppressor mutant strains) or 46 h (for a single rrn strains), and the number of colonies was determined in relation to those not subjected to the heat treatment.
Sucrose density gradient sedimentation analysis. To determine intracellular ribosome levels, cell extracts were prepared and analysed by sucrose density gradient ultracentrifugation, as described previously (Nanamiya et al., 2010) . In brief, total cell extracts were prepared from exponentially growing cells by passage through a French press. To normalize the volumes of the samples applied to the sucrose density gradients, the cell lysis efficiency of the French press was determined by measuring the amount of chromosomal DNA extracted from each strain. The cell extract sample volumes were normalized against that of the WT strain, as follows: the volume of extract to be used for sucrose density gradient sedimentation analysis (designated A rrnX ) was determined from the following equation Real-time PCR. Unless otherwise noted, chromosomal DNA was extracted from the suppressor mutants and parental strain RIK656 cells during stationary phase (3 h after the end of exponential growth phase) using the phenol/chloroform extraction method. Primers 16S realTpcr-hoF and 16S realTpcr-hoR were used to amplify a part of the 16S rDNA sequence. Real-time PCR was performed using an Applied Biosystems 7500 Fast Real-Time PCR System, according to the manufacturer's instructions. The rpsJ amplicon produced using primers rpsJ-realTpcr-hoF and rpsJ-realTpcr-hoR was used as an internal control. The primers used for real-time PCR are listed in Table  S1 , available in the online Supplementary Material.
Next generation sequencing. Genomic DNA from B. subtilis strains were extracted with a DNeasy Blood and Tissue kit (Qiagen). Sequencing libraries were prepared using a Next DNA Sample Prep Reagent Set 1 (New England Biolabs), following the manufacturer's protocols. Briefly, 3 mg of genomic DNA was fragmented to a mean length of 300 bp using a Covaris S2 system. The DNA fragments were end repaired, a single A nucleotide was ligated to the 39 ends, and Illumina Index PE adapters were ligated to the fragments. Fragments between 350 and 450 bp were selected with 1.5 % Pippin Prep gels (Sage Science). The size-selected product was amplified by PCR for 12 cycles with primers InPE1.0, InPE2.0 and an Index primer containing a unique index tag for each individual sample. The final product was validated using an Agilent Bioanalyser 2100. Pooled libraries were sequenced using an Illumina Genome Analyser IIx following the manufacturer's protocols, to generate 100 bp paired-end reads and 6 bp index tags. Sequence reads from each sample were mapped onto the B. subtilis 168 genome (GenBank: AL009126) using BWA software (ver. 0.5.1) (Li & Durbin, 2009 ) with default parameters. Structural variations were listed using BreakDancer software (ver. 0.0.1r89; Chen et al., 2009) . Regions of interest were visualized using the Integrative Genomics Viewer (Robinson et al., 2011) .
Resequencing by capillary sequencing. Gene junctions were PCR-amplified using the primers listed in Table S1 . The PCR fragments were purified with DNA spin columns (Illustra GFX PCR Purification kit; GE Healthcare). The purified fragments were sequenced using the primers used for PCR amplification and an ABI PRISM 3130xl Genetic Analyzer.
RESULTS
Isolation of suppressor mutants from a B. subtilis strain with a single rrnO operon
To investigate the mechanism for the growth and sporulation defects caused by decreasing the rrn operon copy number, we isolated mutants that suppressed these defects from seven B. subtilis strains, each with a single rrn operon (rrnO, A, J, I, E, D or B). Each single rrn strain had a marked reduction in growth, even in a nutrient-rich medium. These growth-restricted rrn strains produced spontaneous mutants with increased growth rates at a relatively high frequency during conventional subculture.
To isolate suppressor mutants of a strain with a single rrnO operon, B. subtilis strain RIK656 (rrnO2 : : kan D9rrn trpC2) was cultivated in LB medium at 37 uC for 24 h, and then plated onto LB plates containing 7.5 mg ml 21 kanamycin followed by further incubation at 37 uC. Larger colonies, indicative of mutant strains with a higher growth rate, were picked and PCR analysis confirmed that these strains (designated rev-11, -12, -14 and -24) carried the rrnO operon but none of the other nine rrn operons. We next examined whether the mutations in these strains were linked with the kan marker by DNAmediated transformation experiments, which showed 62, 42, 58 and 21 % linkage with kan in the strains with the rev-11, -12, -14 and -24 mutations, respectively. These results indicated that these mutations were located near the rrnO operon. In addition, we measured the frequency of the appearance of these mutants and observed frequencies of approximately 1.5|10
23
. These putative suppressor mutations for the rrnO operon were designated srnO (suppressor of rrnO operon). Strains RIK676 with the rev-11 mutation (srnO11), RIK678 with the rev-14 mutation (srnO14) and RIK679 with the rev-24 mutation (srnO24) were further characterized.
Characterization of the srnO mutant strains
The growth profiles of the three srnO strains, RIK676 (srnO11), RIK678 (srnO14) and RIK679 (srnO24), were determined and compared with those of WT strain 168 and parental strain RIK656. As shown in Fig. 1 , the three suppressor mutants grew faster than the parental strain RIK656 with a single rrnO but slower than the 168 WT strain. Of the three suppressor mutants, strain srnO11 had the fastest growth rate and strain srnO24 the slowest.
We next measured the sporulation frequency of the suppressor mutants (Table 2 ). The sporulation frequencies of the three suppressor mutants were between 100 to 10 000-fold greater than that of parental strain RIK656. As for the growth characteristics, strain srnO11 had a higher sporulation frequency than that of the other srnO strains.
Effect of srnO mutations on the intracellular ribosome level
We previously reported that the number of ribosomes increased in an rrn copy number-dependent manner up to at least four rrn copies per cell, and that the greatest increase was observed when the rrn copy number increased from one to two (Yano et al., 2013) . Therefore, to measure the intracellular ribosome levels in the srnO suppressor mutants, ribosomes extracted from exponentially growing cells of the three srnO suppressor strains were analysed by 10-40 % sucrose density gradient ultracentrifugation. The resultant ribosome profiles were compared with those of WT strain 168 and parental strain RIK656. As shown in Fig. 2 , the ribosome level in each of the three suppressor mutants was significantly greater than that in strain RIK656. The greatest increase in ribosomes was in strain srnO11 and the smallest increase was in strain srnO24. These results indicated a positive correlation between increased ribosome levels, growth rate and Fig. 1 . Growth characteristics of srnO suppressor mutants isolated from strain RIK656. RIK656 cells were pre-cultivated at 37 8C and the srnO strains were pre-cultivated at 30 8C on LB plates, then inoculated into LB medium and incubated at 37 8C with shaking. The OD 600 of the cultures was measured at the indicated times after inoculation. Open triangles, strain 168 (WT); open circles, parental strain RIK656 (trpC2 D9rrn rrnO + ); closed triangles, strain RIK676 (srnO11); closed squares, strain RIK678 (srnO14); closed diamonds, strain RIK679 (srnO24). sporulation frequency in the srnO mutants. This suggested that the srnO mutants may have suppressed the effects of the reduction in rrn operon copy number by increasing the number of ribosomes.
Identification of suppressor mutations srnO11, srnO14 and srnO24
Since the number of ribosomes was greater in the suppressor mutants than in the RIK656 parental strain, we investigated the transcription of the rrnO operon by primer extension analysis. The primer extension results showed that transcription from both the P1 and P2 promoters in the rrnO operon (Natori et al., 2009 ) was greater in the three srnO suppressor mutants than in the RIK656 strain (data not shown). However, increased expression of rrnO may have resulted from enhanced promoter activity or increased rrnO copy number. Therefore, we measured the rrn copy number in the genomes of the three srnO strains by quantitative real-time PCR analysis. Firstly, we measured the rrn copy number in the WT strain and in RIK656 as a control. As expected, the copy number in the WT strain and RIK656 was calculated to be about ten and one, respectively ( Table 2 ). As shown in Table 2 , the copy numbers of the rrn operon in the three suppressor mutants were significantly greater than in their parental strain. The estimated copy numbers of the rrn operon in the srnO strains were 6.8 + 1.3 for srnO11, 6.2 + 0.12 for srnO14 and 2.4 + 0.22 for srnO24. It should be noted that chromosomal DNA which was subjected to quantitative real-time PCR analysis was extracted from cells during stationary phase to exclude an effect of DNA replication. However, in both cases, using the cells during exponential phase or stationary phase, the estimated copy numbers of WT cells were nearly 10, confirming the appropriateness of the internal control to calculate the rrn copy numbers. These results, together with the physiological data (i.e. growth rates, sporulation frequencies and ribosome levels) suggested that increased rrnO copy numbers in srnO suppressor strains resulted in an increase in ribosome levels, thereby compensating for the reductions in growth and sporulation frequency in the suppressor mutants. However, strain srnO11, which contained approximately seven copies of the rrnO operon, grew somewhat slower than the WT strain, although a strain with seven copies of the rrn operon had almost the same growth profile as the WT strain 168 (Yano et al., 2013) . This difference may indicate that the amplicon of srnO11 may include gene(s), whose expression detrimentally affects growth and/or sporulation, and/or that the heterogeneity of rrn operons is important.
Sequence analysis of the srn suppressor mutations
We analysed the suppressor mutations in the srnO11, srnO12, srnO14 and srnO24 strains and in eight other srn strains (i.e. srnA11, srnJ2, srnI1, srnI4, srnE3, srnD5, srnB4 and srnB7) by next generation and capillary sequencing. The eight other srn mutant strains were obtained as described above for the srnO strains, except that the cultures were plated onto LB plates without kanamycin. Chromosomal DNA was extracted from the suppressor mutant strains, samples for sequence analysis were prepared, next generation sequencing was performed and sequence reads were annotated using the B. subtilis strain 168 nt sequences. Fig. 3 shows an alignment of rrnO region sequences from strains srnO11, srnO12, srnO14 and srnO24 displayed by the Integrative Genomics Viewer software. As expected, from a structural standpoint, the read depth was greater near the rrnO operon, indicating that rrnO operons with both of their flanking regions were amplified. Similar results were obtained for the other eight suppressor mutant strains (srnA11, srnJ2, srnI1, srnI4, srnE3, srnD5, srnB4 and srnB7) (data not shown).
Since the increased copy numbers of rrn operons in the srn suppressor mutants are present as tandem repeats, we next identified the junction genes of the amplicons using an ABI Fig. 2 . Ribosome sedimentation profiles of srnO suppressor mutants. Crude cell extracts were sedimented through a 10-40 % sucrose gradient. The area of the 70S ribosome peak was calculated for each strain. The value in parentheses for each strain is the value of the area of the 70S peak relative to that of WT cells, which was normalized to 1.0.
capillary sequencer. Table 3 lists the junction genes of the amplicons, the nucleotide numbers at the start and end of the amplicons and the lengths of the amplicons in each suppressor mutant. The amplicon sizes ranged from 9 to 179 kb with an average size of approximately 56 kb. Fig. 4(a) shows the nucleotide sequences of the junction before and after amplification. Two types of junctions were found, one with a micro-homologous sequence and the other with no overlapping homologous sequence. For example, strains srnO11 and srnO24 had 16 bp of microhomologous junction sequence with 2 bp mismatches at the junction site. In contrast, strain srnJ2 had no overlapping homologous junction sequence. We then aligned the nucleotide sequences of the junctions. As shown in Fig. 4(b) , the junctions in the twelve srn strains had very little homology. These results suggested that the region including an rrn operon was likely to be amplified without a preferred position and further suggested that the initial duplication events forming the gene repeats could occur everywhere in the chromosome. Taken together, these results indicated that the rrn operon copy number increased by a structural chromosome rearrangement. Thus, the increased rrn copy number may have increased the ribosome level, leading to the increase in growth rate and sporulation frequency in the srn suppressor mutants.
DISCUSSION
In the present study, we isolated and characterized twelve suppressor mutants from seven B. subtilis strains, each with a single rrn operon. In suppressor mutants srnO11, Grey, blue, red and green bars under the coverage plots are the sequence reads mapped to the genome of the WT strain. The grey, blue and red colours distinguish inferred insert sizes of the sequenced read pairs as follows: grey, expected size of insert; blue, insert that is smaller than expected; red, insert that is larger than expected. Green indicates that read pairs mapped in the opposite orientation to that expected, and such read pairs imply tandem duplication events: fragmented DNA was sequenced from both ends by the Illumina Genome Analyser. If a certain DNA contains a junction of duplication, a sequence read from the 59 end is mapped to the downstream gene (e.g. dacA for srnO11) and one from the 39 end to the upstream gene (e.g. gyrA for srnO11). Please also refer to Fig. 5 . Similarly, blue and red bars indicate that the distance between the ends of two reads is either closer (blue) or more distant (red) than expected. Note that there are more green bars at sites with increased read depths in srnO11, -12, and -24. In srnO14, there are more red bars, rather than green bars, at the corresponding sites because of duplication across the origin of DNA replication (ori). The bars at rrnO are not annotated because of the nine other homologous rrn operons. Blue bars at the bottom and white arrowheads inside show genes and their orientation on the chromosome, respectively. The numbers at the top indicate the nucleotide positions on the chromosome relative to oriC (kb). Since amplification occurred over the oriC region in srnO14, the upstream region of oriC is shown.
srnO14 and srnO24, the number of ribosomes was increased in an rrn copy number-dependent manner. This is consistent with our previous observation that more than four copies of the rrn operon are necessary for efficient sporulation (Yano et al., 2013) . In a strain carrying four rrns (rrnO, A, I and E) at different loci, the ribosome levels were similar to that in the WT strain 168 and, therefore, this strain exhibited normal growth and sporulation (Yano et al., 2013) . In addition, Condon et al. (1993) reported that depletion of the rRNA operon resulted in an increased expression of the remaining intact rrn copies in an E. coli strain in which four ribosomal operons had been deleted. However, in the present study, although two srnO strains (srnO11 and srnO14) had approximately seven rrnO copies, they had a decreased sporulation frequency ( Table 2 ). Considering that the number of ribosomes in the srnO strains was less than in the WT strain, transcription from rrnO promoters may not be as efficient.
Another possible explanation may be that the location of an rrn operon may be important for efficient ribosome production. In either case, we cannot exclude the possibility that some genes, that have inhibitory effects on the transcription of the rrn operon or the production of ribosomes at a post-transcriptional level in multiple copies may be contained within the amplicon, and/or that the heterogeneity of rrn operons may also be important. Sporulation inhibition genes, such as spo0F (Kawamura et al., 1981; Chibazakura et al., 1988) and sin (Gaur et al., 1986 (Gaur et al., , 1988 , have been previously reported. In this respect, it may be significant that rrn operons generally occur as single dispersed operons rather than as clusters containing two or more rrn operons, as in the case of rrnJ-W and rrnI-H-G: only one species in beta and delta-proteobacteria has been reported to have an rrn operon cluster (Pfannes et al., 2007) . We also observed that the sporulation frequency differed between srnO11 and srnO14. Although the reason for this difference is not clear, it is possible that the amplified oriC region in srnO14 disturbs the system for anchoring the oriC region to the cell pole in the forespore by RacA (Ben-Yehuda et al., 2003) . Further experiments would be needed to explore this possibility. B. subtilis strains with tandemly amplified rrn operons together with other genes could be useful tools for studying the evolution of rrn copy number, the effect of rrn operon position and bacterial strategies for surviving in various environmental conditions.
Gene amplification is thought to be one of the driving forces for evolution (Anderson & Roth, 1979) . Amplification processes are divided into two steps: an initial duplication and further amplification of the duplicated region (Romero & Palacios, 1997) . Many tandem gene amplifications have been reported (Anderson & Roth, 1978; Heath & Weinstock, 1991; Reams & Neidle, 2004 ; also reviewed by Anderson & Roth, 1977) . The size of amplifications in E. coli can be up to at least 320 kb (7 % of the chromosome), and up to at least 1057 kb in Salmonella typhimurium (22 % of the chromosome). In the present study, we showed that the amplifications of the rrn operon varied in size from approximately 9 to 179 kb. A key is to understand the molecular mechanisms involved. In E. coli, two mechanisms of illegitimate recombination have been suggested to be involved in gene duplications. One is short-homology-dependent illegitimate recombination (SHDIR) and the other is short-homology-independent illegitimate recombination (SHIIR) (Shimizu et al., , 1997 . SHDIR usually occurs between regions containing 4-13 bp of homologous sequences Ukita & Ikeda, 1996) . When recombination occurs between such regions, RecA has been suggested to have only a minor role, or no role, in this recombination . SHDIR is inducible by UV light or other DNA-damaging agents (Shiraishi et al., 2006) . It has been shown that RecJ exonuclease promotes UV-induced SHDIR, but RecQ helicase suppresses it (Ukita & Ikeda, 1996; Hanada et al., 1997) . In contrast, SHIIR occurs between sequences with no homology. SHIIR is mediated by DNA topoisomerase I and DNA gyrase (Ikeda et al., 1982; Bierne et al. 1997; Shimizu et al. 1997; Ashizawa et al. 1999) . In the present study, both pathways, SHDIR and SHIIR, may be involved in B. subtilis rrn amplification. It was recently reported that recA-independent duplication of the tetB gene, which confers tetracycline resistance in B. subtilis (Wannarat et al. 2014) , may not require RecA activity for the initial duplication event.
We were unable to introduce a recA 2 mutation into a B. subtilis strain with only one rrn operon. Further analyses using mutations of the other genes involved in SHDIR and SHIIR are needed to elucidate the molecular mechanism of the rrn amplification in B. subtilis strains with a single rrn operon. Once duplication has occurred, the presence of a long sequence repeat increases the probability of homologous recombination, which is known as unequal crossing-over (Anderson & Roth, 1977) . Homologous recombination could produce additional copies of amplicons on sister chromosomes that have just replicated. Thus, a cell that has inherited the sister chromosome with multiple rrn operons is able to grow faster (Fig. 5 ).
In conclusion, we have obtained suppressor mutants from seven B. subtilis strains that each have a single rrn operon (rrnO, A, J, I, E, D or B), and found that all these strains have amplification of the rrn operon. These strains can be useful for studying not only the gene amplification process, including illegitimate recombination and unequal crossing-over, but also genome evolution, especially increases in the rrn operon copy number. . Potential process of rrn amplification. Amplification of rrn operon could include illegitimate recombination and homologous recombination by unequal crossing-over during replication of chromosomal DNA. The cell which has inherited more copies of amplified rrn operon should grow faster. Chromosomal DNA that has n copies of amplified rrn operon is shown at the last line (n, amplified rrn copy number; since the copy number of the amplified rrn operon in an individual cell is assumed to be an integral number, it is estimated to about 7, 6 and 2 for srnO11, srnO14 and srnO24, respectively). The rrn operon and two genes where illegitimate recombination could occur are depicted by grey, black and white boxes, respectively. The junction is shown by the white and black box. Junction genes, gyrA and dacA, as well as rrnO in strain RIK676 (srnO11) are shown as an example. Note that the outer junction genes are intact before and after rrn duplication.
